A cell-free system for nuclear-directed transcription has been developed that gives prolonged synthesis in the presence of cytoplasm. We consider the development of cell-free systems that reflect normal in vivo conditions to be of paramount importance for the analysis of transcription and translation, particularly for questions concerned with regulation. Whereas such systems are highly developed for bacteria like Escherichia coli (1), comparable systems derived from animal cells remain to be proven. We have set our sights on the development of a cellfree system, with components derived from animal cells, in which the regulation of transcription and translation can be studied. Since most regulating processes operate at the point of initiation, it is important that we seek conditions that lead to initiation at normal in vivo sites. Experience with cell-free systems derived from bacteria has taught us that initiation at abnormal sites is a frequent occurrence in cell-free systems that can be minimized by carefully controlled conditions empirically derived. With cell-free systems made from animal cells there are very few guidelines for developing a system that synthesizes in-vivo-like RNA from the proper initiation point. By contrast good criteria exist for mRNA-directed synthesis of protein, as complete protein can be synthesized and adequately characterized. Since transcription and translation occur side-by-side in the whole cell, it seemed like a good possibility that conditions which are optimal for high fidelity translation might also be optimal for high fidelity transcripAbbreviations: DB, a Tris-HCl-KCl-MIg(OAc)2-mercaptoethanol buffer, pH 7.5; S-n., supernatant from cell-sap after centrifugation at ni X g; H-nuclei, nuclei prepared in hypotonic medium; TH-nuclei, H-nuclei washed with Triton X-100; ED)TA, ethylenediaminetetraacetic acid; NET, a Tris. HCl-EDTA-NaCl buffer, pH 9.0. 1803 tion. This is a brief report of the transcription behavior of intact nuclei in a cytoplasmic extract under conditions that are optimal for translation.
synthesis in vivo.
The conditions used for RNA synthesis were derived from conditions found to be optimal for protein synthesis that proceeds linearly for 2-3 hr. It has not yet been possible to demonstrate the synthesis of protein from cell-free synthesized RNA in this system. A major problem here is that isolated nuclei, even when carefully washed, contain a great deal of translatable RNA.
We consider the development of cell-free systems that reflect normal in vivo conditions to be of paramount importance for the analysis of transcription and translation, particularly for questions concerned with regulation. Whereas such systems are highly developed for bacteria like Escherichia coli (1), comparable systems derived from animal cells remain to be proven. We have set our sights on the development of a cellfree system, with components derived from animal cells, in which the regulation of transcription and translation can be studied. Since most regulating processes operate at the point of initiation, it is important that we seek conditions that lead to initiation at normal in vivo sites. Experience with cell-free systems derived from bacteria has taught us that initiation at abnormal sites is a frequent occurrence in cell-free systems that can be minimized by carefully controlled conditions empirically derived. With cell-free systems made from animal cells there are very few guidelines for developing a system that synthesizes in-vivo-like RNA from the proper initiation point. By contrast good criteria exist for mRNA-directed synthesis of protein, as complete protein can be synthesized and adequately characterized. Since transcription and translation occur side-by-side in the whole cell, it seemed like a good possibility that conditions which are optimal for high fidelity translation might also be optimal for high fidelity transcripAbbreviations: DB, a Tris-HCl-KCl-MIg(OAc)2-mercaptoethanol buffer, pH 7.5; S-n., supernatant from cell-sap after centrifugation at ni X g; H-nuclei, nuclei prepared in hypotonic medium; TH-nuclei, H-nuclei washed with Triton X-100; ED)TA, ethylenediaminetetraacetic acid; NET, a Tris. HCl-EDTA-NaCl buffer, pH 9.0.
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tion. This is a brief report of the transcription behavior of intact nuclei in a cytoplasmic extract under conditions that are optimal for translation. 3. Preparation of Other Cell-Free Extracts. S-1 is the supernatant from cell-sap after centrifugation of cell-sap at 270 X g for 2 min. S-30 is the supernatant from cell-sap which is centrifuged at 30,000 X g for 10 min and dialyzed against two changes of one liter of DB at 40 for 6 hr. Preincubated S-30 was prepared as described previously (2) . S-100 is the supernatant from cell-sep which is centrifuged at 100,000 X g for 3.5 hr. 4 . Preparation of Nuclei. Both methods are modifications of procedures of Zylber and Penman (3) .
(a) Hypotonic nuclei (H-nuclei). Nuclei were sedimented from cell-sap by centrifugation at 270 X g for 2 min. After decantation the sediment was resuspended in five volumes of DB and washed once more in the same buffer. The final sediment was suspended in either DB or one of the cytoplasmic extracts (S-1, S-30, or S-100 preincubated or not preincubated) to a DNA concentration of 1.5-1.8 mg/ml.
(b) Triton-washed hypotonic nuclei (TH-nuclei). Nuclei were sedimented from cell-sap by centrifugation at 270 X g for 2 min. After decantation the sediment was resuspended, washed once in DB containing 0.1% Triton X-100, washed once with DB and finally resuspended in either preincubated S-30 or DB to a DNA concentration of 1.5-1.8 mg/ml. The diphenylamine test of Dische was used (5). Calf-thymus DNA was used as the standard. 10 . Preparation of RNA for RNA-Directed Protein Synthesis. To 30 ml of packed Krebs II ascites tumor cells (500 X g for 2 min) was added 90 ml of ice-cold NET buffer (0.14 M NaCl 1 mM ethylenediaminetetraacetate (EDTA), 10 mM Tris HCl, pH 9.0). The cells were lysed by homogenization with 40 strokes in a B-type Dounce homogenizer at 0°. The homogenate was centrifuged at 12,000 X g for 10 min at 2°to remove mitochondria and chromatin. To the supernatant was added EDTA to 5 mM and sodium dodecyl sulfate to 0.5%. This suspension was shaken with an equal volume of 88% phenol-chloroform-isoamyl alcohol (100:100:1) at 250 for 5 min. The phases were separated by centrifugation at 12,000 X g for 5 min. To the interphase and lower phase were added 20 ml of ice-cold NET buffer followed by shaking at 250 for 5 min. The phases were separated by centrifugation and the aqueous-rich phases were pooled. The pooled aqueous phase was shaken twice with an equal volume of 88% phenol. To the pooled aqueous phases was added 0.1 volumes of 2 M potassium acetate, 10 mM EDTA (pH 5.1), and 2.5 volumes of cold 95% ethanol. RNA was precipitated at -20°over-night. The RNA pellet was collected by centrifugation and extracted twice with 50 ml of ice-cold 1 M NaCl. The supernatant contains mainly tRNA. The pellet, containing mostly rRNA and mRNA, was dissolved in water. Both fractions were dialyzed against water and frozen at+ 700 until used.
For preparation of partially purified RNA, the ascites RNA was purified either by (dT) 0-cellulose column chromatography (6) or by Whatman CC-41 cellulose column chromatography (7, 8) . 11 . Preparation ofRNA for Gradient Analysis and Conditions of Gradient Analysis. To [BH]GTP-containing RNA, synthesized for different periods at 290 as described above, was added two volumes of ice-cold NET buffer followed by addition of EDTA to 5 mM and sodium dodecyl sulfate to 0.5%.
This was extracted with an equal volume of 88% phenol on a vortex shaker at room temperature for 5 min. The phases were separated by centrifugation. The interphase and lower phase were re-extracted twice with one volume of NET buffer and shaken on a vortex mixer at room temperature for 2 min. The pooled aqueous-rich phases were extracted twice with equal volumes of 88% phenol on a vortex mixer at room temperature for 1 min. To the aqueous phase was added 0.1 volumes of 2 M potassium acetate-10 mM EDTA (pH 5.1) followed by addition of 2.5 volumes of ice-cold 95% ethanol. RNA was precipitated at -20°overnight. The RNA pellets were collected by centrifugation, washed twice with ice-cold 70% ethanol and twice with ice-cold 95%O ethanol, and dissolved in 0.6 ml of water. To 0.5 ml of the RNA solution was added sodium dodecyl sulfate to 0.2%, NaCl to 0.1 M, EDTA to 1 mM and Tris HCl to 10 mM, pH 7.5, and layered on top of 11 ml of a 10-70% (w/v) linear sucrose gradient containing 0.2% sodium dodecyl sulfate, 0.1 M NaCl, 10 mM Tris -HCl, pH 7.5, and 1 mM EDTA. The gradient was centrifuged at 25,000 rpm for 19 hr at 230 in a Spinco SW 41 rotor. The gradient was collected in 0.5-ml fractions. Each fraction (0.2 ml) was pipetted onto a sheet of Whatman no. 3 filter paper, dried and washed as described by Bollum (9) . Each filter was put into a scintillation vial, covered with 5 ml of toluene fluor and counted in a Packard liquid scintillation counter. One thousand cpm is equivalent to the apparent incorporation of 10 pmol of leucine per 100 ,AI of incubation mixture. This is a lower limit, since the contribution of unlabeled leucine from the cell extracts and from impurities in the other amino acids added has not been considered.
* NP refers to nonpreincubated extract. 13 for further references). We have chosen to concentrate our efforts on intact nuclei, since they represent a situation closer to the whole cell and therefore one less likely to result in artifacts. The conditions we have used for studying transcription are very nearly the same as those we have used for studying messenger-directed translation except for the addition of nuclei and the substitution of radioactive GTP, and a complex mixture described in Materials andl Methods. When nuclei alone are used to stimulate synthesis there is no pool of GTP; when cell-sap is used there is an appreciable pool of GTP so that the real incorporation is 2 to 3 times the apparent incorporation (see text for further explanation). In the situation with nuclei alone 1000 cpm is equivalent to 36 pmol of GTP incorporated per 100 ,Al of incubation mixture.
Here and in Fig. 2 the experimental data have been multiplied by the indicated factor to obtain the numbers on the ordinates.
stance. When the cell-sap extract is used RNA synthesis proceeds rapidly for 5-10 mmn and then at about half this rate for the next 2-3 hr (see Fig. 1 ). We have not made measurements beyond 3 hr. About 0.5 4,ug of RNA is synthesized per 100 4ig of input nuclear DNA in 2 hr. Leaving the cytoplasm out of this system eliminates the incorporation after the first few minutes (see Fig. 1 and Table 2 ), which demonstrates that some cytoplasmic components are essential for maintaining high rates of synthesis. Extracts prepared from human HeLa and Chinese hamster ovary (CHO) cells give similar results. Only preliminary attempts have been made to determine the cytoplasmic components repsonsible for stimulating transcription. The stimulating effect of cytoplasm is not replaceable by surface-active agents such as Ficoll, polyethylene glycol, glycerol, or bovine-serum albumin. Various types of cytoplasmic extracts have been used to stimulate transcription. unlabeled GTP substrate in the extracts. Attempts to estimate the pool size have been made by measuring the effect of extra additions of unlabeled GTP on the incorporated counts. If there is no pool then the incorporated counts should be inversely proportional to specific activity of the added GTP. Such measurements have only been made for incubation mixtures containing cell-sap or nuclei in the absence of cytoplasm. There is no significant pool when nuclei alone are used, since the gross radioactivity incorporated is lowered by a factor of 3 when the specific activity of the added GTP is lowered by that amount. A comparable experiment with cell sap gives a lowering in gross radioactivity incorporated of only 30%, suggesting an appreciable pool of unlabeled GTP or GTP precursor in the cell-sap. Controls in. which UTP and CTP have been left out and in which pancreatic RNase has been included show that whole cells, present in small amounts in a cell-sap preparation, make no more than a small contribu- tion to the radioactive RNA synthesized (see Table 2 ). Some of the residual GTP incorporation in the absence of added UTP and CTP is probably due to pools of these triphosphates in the cell-sap extracts. When these two triphosphates are left out of the system containing nuclei alone no GTP incorporation is obtained. Table 2 also shows that synthesis is completely dependent upon the presence of nuclei and highly sensitive to the presence of actinomycin, as would be expected for DNA-directed transcription. The levels of actinomycin tested do not inhibit messenger-directed protein synthesis under similar conditions.
Preliminary attempts have been made to characterize the RNA made in a complete system. About 50%0 of the transcription is inhibited by a-amanitin. The a-amanitin-sensitive synthesis is believed to correspond to that fraction of the RNA synthesized by RNA polymerase II that probably makes the messenger RNA (14) . The gross RNA product resulting from cell-free synthesis has been characterized by ultracentrifugation in a sodium dodecyl sulfate-sucrose gradient and found to be very polydisperse (see Fig. 2 ) with a prominent peak in the 4S region. The transfer of newly synthesized RNA from the nucleus to the extra-nuclear fluid has been measured by separating the nuclei from the rest of the incubation mixture at various times and determining the cold trichloroacetic acidprecipitable [3H]GTP counts in both fractions. In the complete system about one-third of the radioactively labeled RNA is transferred to the cytoplasm after 1 hr. Centrifugation of this cytoplasmic extract on a sucrose gradient shows that about 15% of the labeled RNA is located in the ribosomepolysome region. The remainder sediments at substantially lower rates. Labeled RNA from the ribosome-polysome region has been isolated by phenol extraction and found to sediment between 4 and 28 S on an sodium dodecyl sulfate-sucrose gradient. All of these data on RNA sizes are of limited significance, since the RNA is vulnerable to nuclease action during the synthesis step and again during gradient analysis of the cytoplasmic extract.
Most of the previously described systems using nuclei are relatively free of cytoplasm and are short-lived with no net RNA synthesis occurring after the first 10 min of incubation. An interesting exception to this has recently been reported by Marzluff, Murphy, and Huang (13 This peptide synthesis appears to result mostly from preformed messenger, as it is insensitive to 2 gg/ml of actinomycin D, which inhibits RNA synthesis. Much to our surprise, either preincubated S-30 or S-100 both stimulate peptide synthesis 5-to 10-fold (see Table 3 ). The fact that S-100, which does not contain ribosomes (shown in Table 3 by the inability of S-100 to support messenger-directed protein synthesis), is about as effective as S-30 shows that these nuclear preparations must contain sufficient ribosomes for peptide synthesis.
The possibility that whole cell contamination is a factor is excluded by pancreatic RNase controls, which show very low incorporation. This is true of nuclei prepared by the hypotonic method (H-nuclei, see Materials and Methods) as well as
Triton-washed nuclei (TH-nuclei). A probable location of these ribosomes is the outer nuclear membrane but no attempt has been made to directly determine their localization. 4 . The Cell-Free System May Be Valuable for Studying the Regulation of Transcription. The most important attribute of the transcription system described here is that transcription occurs for long periods under mild conditions designed to simulate the intracellular environment. We hope that with fuller characterization of the RNAs made this system will be useful for gene regulation studies. Nuclei and cytoplasm from different cell types of the same organism can be combined to see if the nuclear expression is controlled by the cytoplasm.
Various small molecules that are candidates for gene activators, such as steroid hormones and cyclic nucleotides, can be tested for their effect on the synthesis of particular RNAs.
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